Enzymes with high specific activities at low temperatures have potential uses for chemical conversions when low temperatures are required, as in the food industry. Psychrotrophic microorganisms which grow at low temperatures may be a valuable source of cold-active enzymes that have higher activities at low temperatures than enzymes found for mesophilic microorganisms. To find cold-active 0-galactosidases, we isolated and characterized several psychrotrophic microorganisms. One isolate, B7, is an Arthrobacter strain which produces ,3-galactosidase when grown in lactose minimal media. Extracts have a specific activity at 30°C of 2 U/mg with o-nitrophenyl-,I-D-galactopyranoside as a substrate. Two isozymes were detected when extracts were subjected to electrophoresis in a nondenaturing polyacrylamide gel and stained for activity with 5-bromo-4-chloro-indolyl-13-D-galactopyranoside (X-Gal). When chromosomal DNA was prepared and transformed into Escherichia coli, three different genes encoding f-galactosidase activity were obtained. We have subcloned and sequenced one of these I-galactosidase genes from the Arthrobacter isolate B7. On the basis of amino acid sequence alignment, the gene was found to have probable catalytic sites homologous to those from the E. coli lacZ gene. The gene encoded a protein of 1,016 amino acids with a predicted molecular mass of 111 kDa. The enzyme was purified and characterized. The jI-galactosidase from isolate B7 has kinetic properties similar to those of the E. coli lacZ 0-galactosidase but has a temperature optimum 20°C lower than that of the E. coli enzyme.
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Cold-active enzymes that have high catalytic rates at low temperature have many potential uses in processes which must occur in the cold or in environments impractical to heat. One such application would be the removal of lactose from refrigerated milk or whey so that it can be used by people who are lactose intolerant because they lack a ,3-galactosidase in the small intestine and cannot digest lactose (21) . A 3-galactosidase which could hydrolyze lactose in milk or whey at refrigerated temperatures could be used to produce low-lactose products during shipping and storage. An ideal enzyme for treating milk would work well at 4 to 8°C; be active at pH 6.7 to 6.8; not be inhibited by sodium, calcium, or galactose; and be specific for lactose (20) . The current commercial enzyme is from the yeast Kluyveromyces lactis, has a temperature optimum of 35°C, requires manganese or magnesium and potassium or sodium, and is inhibited by calcium at concentrations greater than 0.1 mM (5) and by galactose with a Ki of 42 mM (19) . The K lactis enzyme was originally chosen because it was already commercially available, and a process which removed about 70% of the lactose during incubation for a few hours at 35 to 40°C was developed (20) .
In addition to searching for enzymes that might be useful for treating refrigerated milk products, our work had other longrange objectives. One is to test the rationale that psychrotrophic organisms could be a source of cold-active enzymes. Another is to compare new enzymes with those from organisms growing at higher temperatures with the long-term goal of t Present address: Regional Research Laboratory, Trivandrum, India.
understanding which changes influence an enzyme's response to temperature.
To meet these objectives, we isolated and screened several psychrotrophic organisms for ones producing cold-active 3-galactosidases. Three isolates (B7, D2, and D5) obtained from fields which were spread with whey were further characterized (14) . These strains are nonmotile aerobes, do not produce acid with glucose as a carbon source, grow at 0WC, do not form isolated colonies above 30°C, have a rod-coccus morphological cycle during growth, and contain lysine as the diamino acid in their peptidoglycan (14) . On the basis of these traits, these isolates have been classified as psychrotrophic Arthrobacter strains. There are no other reports of Arthrobacter strains making ,B-galactosidase, and our work with the type strains, Arthrobacter globiformis ATCC 8010 and NRRL B-2979 and Arthrobacter citreus NRRL B-14091, demonstrated that they are unable to use lactose as a carbon source (14) . Because our isolates produced cold-active enzymes and the presence of ,B-galactosidase may be an unusual trait for Arthrobacter strains, we chose one, B7, for further characterization.
Initial 3-galactosidase assays using permeabilized cells and o-nitrophenyl-3-D-galactopyranoside (ONPG) as a chromogenic substrate suggested that the isolate had a f-galactosidase activity with a broad temperature range and an optimum of 30°C. Further study demonstrated that when the isolate is grown with lactose as a carbon source, two enzymes with 3-galactosidase activity are produced. Extracts subjected to electrophoresis on nondenaturing polyacrylamide gels and subsequent in situ staining with X-Gal (5-bromo-4-chloro-3-indolyl-[3-D-galactopyranoside) showed two bands of activity (14) .
In order to further examine these 3-galactosidase isozymes, we prepared chromosomal DNA from the Arthrobacter isolate B7 and used it to transform an Escherichia coli recipient.
ARTHROBACTER P-GALACTOSIDASE Expression of 3-galactosidases from genes cloned from Arthrobacter isolate B7. Extracts from isolate B7 and E. coli transformants carrying different genes cloned from isolate B7 were subjected to electrophoresis in a 7.5% nondenaturing polyacrylamide gel and stained for in situ activity with X-Gal. The predominant and more slowly migrating 3-galactosidase activity in isolate B7 extracts was added in excess in order to detect the minor lower band. Lanes: 1, isolate B7; 2, E. coli with clone B7-15; 3, E. coli with clone B7-12; 4, E. coli with clone B7-14. The scanned image was generated as described in Materials and Methods. Interestingly, we obtained three different genes, numbered 12, 14, and 15, each encoding a 3-galactosidase activity capable of hydrolyzing ONPG and X-Gal. As part of our characterization of these genes and their physiological roles, we have sequenced the gene encoding the major P-galactosidase isozyme found when the isolate is grown with lactose. In addition, we expressed the gene in E. coli, purified the recombinant protein, and determined its biochemical and thermal properties. Comparison of the amino acid sequence deduced from the DNA sequence showed that its probable catalytic site is homologous to that found for the ,-galactosidase lacZ gene from E. coli.
MATERUILS AND METHODS
Bacterial strains and culture conditions.Arthrobacter isolate B7 was isolated in our laboratory as described elsewhere (14) . Cultures were grown on tryptic soy broth (Difco) at 25°C. E. coli JM109 (30) and MC1061 (15) have been described previously and were maintained on M9 minimal medium (29 (22) . DNA sequencing was performed by the procedure of Tabor and Richardson (27) using the Sequenase version 2.0 sequencing kit (United States Biochemical) with the following modifications: the reaction temperature was increased to 42°C, and 7-deaza-dGTP replaced dGTP.
DNA hybridization. BamHI restriction endonuclease digests of DNA samples were separated on 0.5% agarose gels and then transferred to Immobilon-S membranes (Millipore Corporation, Bedford, Mass.) by the method of Southern (26) . DNA was labeled with biotin by using the PolarPlex chemiluminescent blotting kit (Millipore Corporation). Hybridizations were carried out at 68°C for 16 h as described elsewhere (26) .
Enzyme purification. Strain MC1061/pAaB7-15.12 was grown for 8 h in 2 ml of LB broth with ampicillin at 25°C. This culture was inoculated into 500 ml of TYP medium (16 g 
Nucleotide sequence of the EcoRI fragment of pAotB7-15.9 containing the P-galactosidase gene from isolate B7. The deduced amino acid sequence of the coding region is given below the nucleotide sequence. A putative ribosome binding site (RBS) is indicated.
incubated for 16 h, and the cells were harvested by centrifusupernatant was discarded. The pellet was resuspended and gation at 22,000 X g for 15 min at 40C and resuspended in 12 dialyzed overnight in Z buffer. Following dialysis, the sample ml of Z buffer (16 (Fig. 1) . Clone B7-15 (7.2-kb fragment) produced a 3-galactosidase which corresponded to the major activity in isolate B7 and was chosen for further study. Transformant colonies containing B7-15 remained white when incubated on media containing X-Gal at 37°C but turned blue within 10 min when transferred to 20°C. This indicated that this clone encoded a cold-active enzyme with a temperature optimum lower than that of the E. coli P-galactosidase.
A restriction map of clone B7-15 was generated, and fragments were subcloned to determine the smallest fragment which could encode the ,-galactosidase gene. A clone, B7-15.9, containing a 3.9-kb EcoRI fragment which produced P-galactosidase activity was found. The 3.9-kb EcoRI fragment cloned into pAal8 in the opposite orientation produced less 13-galactosidase activity, indicating that the gene in the original orientation had been transcribed in that direction from the vector's promoter. (7), E. coli LacZ (11), Kiebsiella pneumoniae LacZ (3), Kluyveromyces lactis (18) , Clostridium acetobutylicum (9), Streptococcus thermophilus (25) , Lactobacillus bulgaricus (24) , and Leuconostoc lactis LacL and LacM (4). Sequences were aligned by using the Clustal method with the Ktuple setting at 1 and the gap penalty at 10. Consensus residues are boxed. The proposed active-site residues, Glu-461 and Glu-537, are indicated (arrows).
Nucleotide sequence of the isolate B7 13-galactosidase gene lacZ. A restriction map of the 3.9-kb EcoRI fragment from B7-15.9 was determined by using a number of common enzymes (Fig. 2) . A series of overlapping subclones using appropriate restriction sites was constructed in pUC18 and then sequenced. The nucleotide sequence for the 3.9-kb EcoRI fragment is shown in Fig. 3 Fig.  6 ). The gene was designated lacZ on the basis of its sequence homology with the lacZ from E. coli.
The start site was confirmed by determining the N-terminal sequence both for the ,B-galactosidase purified from the Arthrobacter isolate and for that purified from the E. coli transformant containing the cloned gene 15. Both proteins had the amino acid sequence of MSSSY that had been predicted at the N-terminal region of the protein. These results not only confirmed the start codon for the nucleotide sequence but verified that the protein purified from the E. coli transformant began at the same site as the enzyme produced in the original isolate.
In order to demonstrate that gene 15 had originated from the Arthrobacter isolate, an internal 1.5-kb BamHI fragment was used to probe B7 chromosomal DNA (Fig. 4) . The Southern blot showed that the fragment did hybridize to the B7 DNA but did not hybridize to either of the other two genes, 12 and 14, encoding ,B-galactosidase activity that were cloned from this isolate. In addition, the fragment from gene 15 showed no hybridization with chromosomal DNA prepared from the host E. coli strain or another Arthrobacter strain, D2, which we had characterized (14) . The fragment did hybridize with DNA from another isolate, D5 (14) .
Analysis of the 13-galactosidase protein sequence. The predicted amino acid sequence of the lacZ gene was compared with other ,-galactosidase sequences in the Swiss-Prot protein database. The Arthrobacter ,B-galactosidase was found to be a member of the E. coli lacZ family of 3-galactosidases. The protein sequences were aligned by the Clustal method (Fig. 5) , and similarities are shown in Table 1 . The Arthrobacter f3-galactosidase was most similar to the E. coli EbgA, with 22%
sequence similarity. The alignment shows that the proposed active-site residues in E. coli LacZ, Glu-461 (10) and Glu-537 (6) , are conserved in the Arthrobacter sequence. In addition, a tyrosine residue that may also be important in the reaction is conserved at site 503 (17) .
Characterization of the 13-galactosidase activity. The nucleotide sequence results showed that the open reading frame started at nucleotide 787 of the 15.9 subclone. In order to eliminate a portion of this upstream sequence, a new subclone, 15.12, was constructed by deleting the 0.6-kb region between the EcoRI site and the first HindIII site (Fig. 2) . Since strains carrying subclone 15.12 had increased enzyme expression, the subclone was used for enzyme purification. In addition, an analysis of the DNA sequence revealed that the Arthrobacter gene contained an amber stop codon. The E. coli host strain, JM109, contains an amber suppressor mutation which might allow some read-through and complicate the results of the protein characterization. Thus, the plasmid pAot carrying the subclone 15.12 was transformed into E. coli MC1061 (22) , which lacks a suppressor mutation. The P-galactosidase was purified from the E. coli MC1061 transformant by ammonium sulfate precipitation, anion exchange chromatography, and affinity chromatography (Table 2) . Although the affinity column decreased the yield of active enzyme, it increased the purity by removing other proteins. Following this procedure, the enzyme was 80% pure as determined by SDS-PAGE and had a subunit with an estimated molecular mass of 139 kDa (Fig. 6 ).
Antibodies were prepared against this enzyme preparation and used to show that the enzyme purified from the cloned gene in E. coli migrated at the same position during electrophoresis as the enzyme of the original Arthrobacter isolate. A reaction of the antibodies with an Arthrobacter crude extract which had been subjected to PAGE produced a single band. This band migrated in the same position as the recombinant enzyme prepared from the E. coli transformant (Fig. 6, lanes 5  and 6) .
The activity of the purified enzyme was determined in phosphate, Tris, and glycine buffers at different pH values. The enzyme had a pH optimum of 7.2 in phosphate buffer (data not shown). The enzyme preparation was treated with EDTA to remove metal ions and desalted by chromatography on a Sephadex G-25 column. The enzyme showed less than 0.01% The effect of temperature on the enzyme activity was determined by assaying the enzyme at increments between 4 and 60°C. Maximum activity was found at about 40°C, and the enzyme retained approximately 25% of its activity at 10°C, a temperature at which the E. coli enzyme was inactive (data not shown). The enzyme's thermal stability was determined by incubating it at different temperatures and periodically withdrawing samples for assay at 30°C. The activity was stable at 30°C (or less) for over 2 h, but at 40°C it had a half-life of 90 min (Fig. 7) . Incubation at 50°C caused inactivation within 10 min.
DISCUSSION
Microorganisms that grow at low temperatures have not been extensively studied, even though knowledge of their metabolism, enzymes, and chemical products could be extremely useful. Psychrotrophic microorganisms may be of particular importance, since the preliminary data suggest that they will be an important source of enzymes with lower temperature optima. We are especially interested in investigating the properties of cold-active enzymes in order to gain basic insight into the function of enzymes at a low temperature and in discovering enzymes that may be commercially useful. To initiate this work, we chose P-galactosidase as a model enzyme that could be easily monitored and had the potential for being used to remove lactose from milk at refrigeration temperatures. In searching for cold-active enzymes, we reasoned that psychrotrophic organisms which grow at low temperatures would produce enzymes with higher catalytic activities at temperatures lower than those for enzymes from mesophilic microbes such as E. coli. To examine this possibility, we isolated and characterized psychrotrophic Arthrobacter strains which grow at 0°C, produce 3-galactosidase activities, and grow on lactose. No other Arthrobacter species have been reported to grow on lactose as a sole carbon source. The temperature optimum of the total ,-galactosidase activity in whole-cell assays for one of these strains, B7, was 30°C (14) , which is about 20°C below that for the E. coli lacZ enzyme. In addition to the lower-temperature profile, this isolate appeared interesting because two bands stained for X-Gal activity following electrophoresis of crude extracts on native gels, suggesting the presence of at least two 3-galactosidase isozymes.
The initial characterization of the enzymes produced by isolate B7 was hampered by their low levels and the production of multiple ,B-galactosidases in the original isolate. We therefore cloned the genes encoding the 13-galactosidases into E. coli to increase expression, to separate the activities, and to allow sequencing. The cloning of the recombinant genes not only confirmed that the organism produced two ,-galactosidases but revealed a gene for a third enzyme. Two genes, 12 and 15, which encoded enzymes corresponding to those expressed during growth on lactose minimal media and separated by electrophoresis were found. In addition, a third gene, 14, for which no enzyme had been observed in isolate B7 extracts, was cloned. The functions of these three enzymes are not yet understood, but studies of their regulation and expression during growth at different temperatures and with various carbon sources are in progress.
Because clone 15 encoded the major enzyme expressed in cells growing with lactose, we chose it for characterization. The open reading frame of this gene encoded a 1,016-amino-acid protein with a calculated Mr of 111,000. This is slightly smaller than the E. coli lacZ enzyme, with 1,023 amino acids, and slightly larger than the ebgA protein, with 964. Of special interest is the conservation of sequences for amino acids involved in catalysis. Gebler et al. (6) identified Glu-537 as the nucleophilic amino acid and suggested that Glu-461 serves as the general acid/base catalyst which protonates the galactosyl transition state intermediate and deprotonates the attacking water in the E. coli lacZ protein. On the basis of this conservation at the catalytic site with other genes in the lacZ family, we also designated gene 15 from isolate B7 as a lacZ. Although the B7 gene has some similarity to those from organisms with quite diverse physiologies, it is not identical and is thus not the same as any that has been studied. It will be interesting to trace the evolution and transfer of the lacZ genes in these different microorganisms.
The enzyme encoded by the isolate gene 15 has a temperature optimum at about 20°C below that of the E. coli enzyme and requires either magnesium or manganese for activity. Its Km for ONPG is slightly higher than that found for the E. coli enzyme (0.4 versus 0.1) and is one-sixth the Km (2.5) for the K lactis enzyme. The isolate B7 3-galactosidase has the highest Vi,,n of the three enzymes with ONPG as a substrate (1, 182 versus 390 for E. coli and 425 for K lactis). With lactose as a substrate, the enzyme from B7 has the same Km value, 16, as the K lactis enzyme, which is significantly higher than the value of 1.4 reported for E. coli. In preliminary tests in milk, the B7 ,-galactosidase activity was comparable to that of a commercial preparation of the K lactis enzyme used to hydrolyze lactose in milk (unpublished data). Although further work is needed to determine if there are situations in which the Arthrobacter enzyme outperforms the current commercial enzyme, these results demonstrate that it is possible to find new enzymes that might be useful for removing lactose from milk.
The key features dictating enzyme stability and activity in response to temperature are unknown. Comparisons of coldactive enzymes with homologous sequences from mesophilic and thermophilic enzymes should identify properties affecting protein thermostability. Several thermophilic proteins and genes have been studied, but few genes from psychrotrophic organisms have been sequenced. The addition of information on psychrophilic proteins provides new examples which increase the temperature range that can be studied. Furthermore, cold-active enzymes have the advantage of permitting the selection and study of mutations which increase thermostability. Since psychrophilic enzymes are denatured at the normal growth temperatures of E. coli, one can directly select for thermostable mutations. For example, E. coli transformants containing clone 15 remained white at 37°C on media containing X-Gal. Thermostable mutants could be isolated either by looking for blue colonies or by selecting for colonies that can use lactose as a carbon source at 37°C. The results of these studies may lead to our ability to engineer proteins with desired temperature optima for activity.
